
Effect of Emulsifier Concentration and Type on the 
Particle Size Distribution of Emulsions 

By E. L. ROWE 

Two series of mineral oil/water emulsions containing varying amounts of emulsifier, 
either sodium dodecyl sulfate or polysorbate 80, were studied over a &year period. 
The Coulter counter was used to determine particle size distributions at various 
time intervals. For each emulsifier, there is a minimum concentration above which 
the emulsions are stable for over 2 years with little change in particle size distribu- 
tion. Increasing surfactant concentration causes decreasing median particle size 
i n  both series according to a logarithmic relationship. Some of the theoretical 

aspects of surfactant adsorption at the oil/water interface are discussed. 

MULSIONS AS disperse systems have an ad- 
vantage over solid-in-liquid dispersions be- 

cause the particles are spherical and easier t o  
measure. However, the particle size distribution 
of emulsions is changed easily by adjustment of 
the phase volume ratio, method of manufacture, 
temperature, and viscosity (1). Another im- 
portant variable is the emulsifier concentration. 
There have been few emulsion studies where the 
emulsifier concentration was varied deliberately 
and the mean particle size measured carefully. 
The earliest work in this area was done by Lange- 
vin (2), in 1933, who varied the proportion of 
emulsion ingredients and found microscopically 
t h a t  " .  . .increase in the proportion of acacia is 
accompanied by a decrease in the size of the oil 
globules. . . ." The lack of experimental work in 
this area since that time is possibly due t o  the 
tedium involved in the measurements. 

Recent advances in instrumentation have made 
the quantitative measurement of particle size 
distributions of emulsions less tedious. The 
Coulter counter' is becoming a popular instru- 
ment for the measurement of particle size distribu- 
tions of emulsions (3, 4). In the present study, 
the Coulter counter was used t o  determine the 
size distributions of two series of emulsions. In  
each case, the concentration of emulsifier was 
varied from 0 to  5 . 0 ~ 0 .  The effect of emulsifier 
type and concentration on the distribution and 
the changes in particle size with time were ob- 
served over a %year period. 

EXPERIMENTAL 
Preparation of Emulsions.-Two series of ten oil- 

in-water eniulsions were made with varying amounts 
of surfactant. In both series, 100 ml. of mineral 
oil U.S.P. (viscosity, 40 centistokes) and 300 ml. of 
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aqueous surfactant solution were mixed in a Waring 
Blendor for 10 min. Fifty milliliters of each emul- 
sion was poured into a 50-ml. graduated cylinder 
for observation of creaming, coalescence, and volume 
ratio of the phases a t  25". The remainder was 
stored in bottles for particle size distribution studies. 
In the series labeled 61A through SlJ, sodium 
dodecyl sulfate' (SDS) was used as the sole emulsifier 
with the concentration varying from 0 to 5.0%. 
(See Table I.) The 65 series was made with poly- 
sorbate SO3 as the sole emulsifier a t  the same concen- 
tration levels as in the SDS series. 

Particle Size Distributions.-The Coulter counter 
(model A)  was used with the 100-p aperture for all 
particle size determinations. The instrument is 
kept in constant calibration by frequent checks with 
well-characterized monodisperse polystyrene latices 
and puffball spores. The manufacturer does not 
recommend measurement of particles with diameter 
less than 1.5% of the aperture diameter (5). How- 
ever, in most of the present emulsions, few or no 
particles were observed below 2-p diameter. In the 
few cases where a significant number of the par- 
ticles were smaller than 2 p, the measured contribu- 
tion to the total weight distribution was less than 
2%. Also, the frequency distribution curves gen- 
erally included a t  least one point on the small side 
of the modal (peak) diameter. In any event, the 
conclusions are not affected by small errors in this 
region. The emulsions were shaken gently so that a 
homogeneous 2-ml. sample could be withdrawn by 
pipet. The 2-ml. sample was diluted to 1 L. with a 
conductive vehicle (O.lyo SDS for the 61 series and 
standard conductive vehicle4 for the 65 series) and 
stirred with a magnetic stirrer in a 25" water bath. 
A 15-ml. sample of this dilute emulsion then was 
diluted to 1 L. with the standard conductive vehicle. 
Solvation of the oil upon dilution was considered to  
be negligible. The effect, if any, is probably con- 
stant for all the emulsions involved, and the relative 
results would still be meaningful. Cockbain (6) has 
reported aggregation in SDS-stabilized paraffin 
emulsions where the SDS Concentration exceeded 
0.45%. Higuchi ( 3 )  found aggregation in 1% 
hexadecane emulsions containing more than 0.1% 
dioctyl sodium sulfosuccinate and that the rate of 
deaggregation was a slow process. However, in the 
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TABLE I.-COALESCENCE OBSERVED IN Two SERIES O F  MINERAL OIL/WATER EMULSIONS 

Emulsion 7 Emulsifier 7 -Visible Coalescence of Oil Phase, %-- 
No. Type Concu., % 1 Ma. Old 1 Yr. Old 2 Yr. Old 

61A SDS 0 94 100 100 
61B SDS 0.001 64 95 100 
61C SDS 0.005 88 95 97 
61D SDS 0.01 79 88 82 
61E SDS 0.05 67 81 82 
61F SDS 0 .1  <1 <1 <1 
61G SDS 0 . 5  0 <1 <I 
6 lH SDS 1.0 0 Negligible" Negligible" 
611 SDS 2 .0  0 0 Negligible 
6 lJ  SDS 5 . 0  0 0 Negligible 
65A Polysorbate 80 0 75 92 100 
65B Polysorbate 80 0.001 92 100 100 
65C Polysorbate 80 0.005 67 95 100 

65E Polysorbate 80 0.05 <3 12 11 
65F Polysorbate 80 0.1 <3 7 7 

65H Polysorbate 80 1 . 0  0 Negligible" 3 
651 Polysorbate 80 2 .0  0 Negligible <1 

65D Polysorbate 80 0.01 24 84 92 

65G Polysorbate 80 0 . 5  0 6 14 

65J Polysorbate 80 5 .0  0 Negligible Negligible" 
- 

One or 2 small drops. 

present systems only a negligible amount of aggrega- 
tion was noted microscopically in the diluted emul- 
sions prior to  particle size determination. Both 
weight and number distributions were calculated 
from the raw data. 

RESULTS 

The emulsions tend to cream rather quickly to the 
theoretical cream phase volume of 34OjO6 but are 
easily redispersed. Creaming, of course, is not a 
criterion of physical stability in the colloidal sense. 
Growth of the oil particles by coalescence which 
leads to a separated oil layer (commonly called 
breaking) is a true measure of physical stability (7). 
The increase in free coalesced oil which occurs with 
time (even in the most stable emulsions) is expected 
since the emulsified state is thermodynamically un- 
stable and, a t  best, represents a pseudoequilibrium. 
The two series of emulsions were observed over a 2- 
year period for visible coalescence. Table I lists 
three sets of observations made during this time 
interval. There is a minimum surfactant concentra- 
tion necessary for physical stability. In the SDS 
series. this concentration is near the critical micelle 
concentration (CMC) of 0.18-0.25a/, w/v reported 
by Rehfeld (8). The minimum polysorbate 80 
concentration for stability is not so clear-cut. In 
this series, the emulsions that are fairly stable a t  1 
month have a greater tendency than the SDS sta- 
bilized emulsions to coalesce. 

The particle size distributions of the 65 series are 
plotted in Fig. 1 on log probability paper. The 61 
series is similar. While the log normal fit is not 
perfect over-all, the distributions are more closely 
log normal than normal. The number median 
(d") and mass median diameters (d,) were deter- 
mined from the log probability plots and are re- 
ported in Table 11. Several anomalous results are 
marked with an asterisk. The cause is difficult to 
ascertain since the technique of using the Coulter 
counter in this study was being developed a t  the 
time of the first run. Data acquired in subsequent 

6 The true volume fraction of oil is 0.25; but in the form 
of close-packed spheres, it would have an apparent volume 
fraction of 1/0.74 X 0.25 = 0.34. 

____ 

determinations did not contain deviations of this 
magnitude. 

Polydispersity or broadness of the distribution 
can be expressed by the slope of the linear distribu- 
tion plot on probability or log probability paper. 
The slope is related to the standard deviation of the 
median particle size. With curves that deviate 
somewhat from linearity, the true slope value is diffi- 
cult to  determine. Another easy method to  ex- 
press the polydispersity is the ratio of mass median 
diameter to number median diameter. A mono- 
disperse system bas a d,/d, ratio of 1. The broader 
the distribution, the larger the ratio. As shown in 
Table 11, polydispersity of the SDS-stabilized emul- 
sions decreases with increasing emulsifier, while 
polysorbate 80 emulsions have increasing poly- 
dispersity with increasing surfactant concentration. 
This is a result of the manner in which the number 
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Fig. 1.-Particle size distributions (log probability 
plot) of the 65 series of emulsions. 
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median and mass median diameters change. A 
large increase in the number of fine emulsion par- 
ticles with a smaller relative change in the rest of the 
distribution will decrease the number median diam- 
eter more than the mass median diameter because of 
the small mass contribution. This is apparently the 
case with the polysorbate 80 emulsions and is sub- 
stantiated by the increasing turbidity of the aqueous 
phase of the creamed emulsion as surfactant concen- 
tration increases. In the SDSstabiliied emulsions, 
the aqueous (after creaming) phase becomes clearer 
with increasing surfactant concentration. The num- 
ber median diameters of emulsions 61G through 61 J 
do not differ significantly, which can be interpreted 
to mean there is little change or at least no increase in 
the small particle end of the distribution with in- 
creasing SDS concentration. Decreasing mass me- 
dian diameters of the same set is an indication of de- 
creasing relative number of large particles. 

DISCUSSION 

Although there is some indication of growth of the 
particles by coalescence with time (Table 11), the 
change is small and possibly withii the error of the 
measurements. Therefore, there is no point in 
trying to quantitate the kinetics of growth. Vold 
(9) also found the rate of change of interfacial 
area, in 50% Nujol-water emulsions stabilized by 
SDS, to be too slow to afford a criterion for emulsion 
stability. Experimental evidence by  Fischer and 
Harkins (10) showed that the specific interfacial area 
of paraffin oil-in-water emulsions decreased by over 
30'% in the first 50 hr. and thereafter decreased a t  a 
much slower almost constant rate. van den Tempe1 
(11) observed a similar effect. His data indicate 
first-order kinetics with respect to the number of oil 
particles. 

The concept of a fast initial coalescence rate 
followed by a slow steady rate seems to be rea- 
sonable. The high shearing force applied to the oil 
in the manufacture of these emulsions produces oil 
droplets of varying stability, depending on the 
amount of surfactant available for adsorption. As- 
suming that a condensed monolayer of surfactant is 
necessary for stability, the initial coalescence rate can 
be attributed to instability caused by incomplete oil 
surface coverage. When the oil/water interfacial 
area is reduced by particle growth (coalescence) so 
that the available surfactant can form a complete 
monolayer, a slow rate of coalescence becomes 
dominant. In a practical sense, this is an ideal situa- 
tion if generally applicable. The particle size 
distribution could be observed over a short period of 
time after manufacture. In the absence of com- 
plicating factors, such as chemical instability, this 
should give enough data to establish the value and 
constancy of the slow coalescence rate, allowing a 
fairly accurate prediction of the long range physical 
stab i 1 it y . 

Tables I and I1 show that a minimum of about 
0.1% SDS (3.5 X lo-* moles/L.) is needed for 
stability. The interfacial oil/water area in an 
emulsion can be calculated by 

6 X 1020 S" = - d,, 
where S, is the specific surface area in square 
Angstroms per milliliter and d., is the surface- 

000000  w w w w w w  
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weighted mean diameter in microns. Th_e mass 
median diameter, d,, may be substituted ford ,  with 
little error. Taking 21.4 1.1 as the mass median 
diameter of emulsion 61F, S, is 0.28 X lom A.z/ml. 
In 100 ml. of emulsion, there are 25 ml. of oil, and the 
total oil/water interfacial area is 7 x 10" A.2. 
There is sufficient SDS present a t  0.1% concentra- 
tion, assuming 25 A.z surface coverage per molecule, 
to cover an area of 39 X 10" A.2. Thus, there is 
more than five times the amount necessary to  form 
a condensed monolayer at the interface. 

By comparison, the polysorbate 80 stabilized 
emulsions are fairly stable after 1 month's aging 
when the aqueous surfactant concentration is at 
least 0.05y0 (4.1 X 10-4moles/L.). This concentra- 
tion represents one-tenth the number of molecules 
as are in 0.1% SDS; but, as shown by Fig. 2, the 
polysorbate 80 molecule is very bulky and con- 
ceivably could cover 10 times as much surface as a 
SDS molecule. In addition, the surface activity of 
polysorbate 80 is greater than SDS a t  low concentra- 
tions (12, 13); thus, a greater percentage of poly- 
sorbate 80 molecules are adsorbed at the interface. 
The polysorbate 80 emulsions havea greater tendency 
to  form free oil by coalescence than the SDS-sta- 
bilized emulsions (Table I), but the particle size 
distributions remain essentially constant, indicating 
perhaps uniform particle growth of all sizes with the 
number of smallest measured particles being re- 
plenished by growth of those too small to  measure. 

Another point of interest is that stable SDS emul- 
sions have larger median diameters (consequently 
smaller total interfacial area) than the stable poly- 
sorbate 80 emulsions at the same emulsifier concen- 
tration. This may be due to  a dependency on the 
kinetics of droplet formation during manufacture, 
especially at concentrations below the CMC. 
Smaller droplets may be formed more easily in the 
polysorbate 80 formulations because of lower 
dynamic interfacial tensions. On the other hand, 
coalescence kinetics may be the most important fac- 
tor. Assuming that equally small droplets are 
formed by the applied shearing forces regardless of 
the emulsifier, the polysorbate 80 film could be more 
resistant to rupture or desorption by shear-induced 
collisions during formation than the SDS film. The 
third, and perhaps most logical, explanation is that 

, s H O  \ ! 'a- 
N d  

Sodium Dodecyl 
Sulfate 

"0, 

Fig. 2.-Schematic representation of a typical 
polysorbate 80 molecule and a sodium dodecyl 
sulfate molecule a t  the oil-water interface. 
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oil/ 
watG emulsions as a function of emulsiiier con- 
centration (data from Table 11). 

SDS can stabilize larger droplets than polysorbate 
80. The ionic character of SDS creates an electrical 
double layer at the oil/water interface adding an 
electrostatic repulsion factor in addition to the film 
barrier which reduces effective particle-particle 
collisions and inhibits coalescence. With this 
premise, the upper stable diameter limit is higher 
when SDS is the emulsifier. 

As the emulsifier concentration is increased, the 
mass median diameters of both series tend to de- 
crease (Table 11). Increasing surfactant concentra- 
tion leads to greater adsorption at the oil/water 
interface (8, 9). Increased surfactant adsorption 
stabilizes more total oil/water interfacial area; as a 
result, the particle size distributions have smaller 
median diameters. Logarithmic plots of surfactant 
concentration against mass median diameters are 
l i n e d  for both the 61 and 65 s&es (Fig. 3). 

The general equation for these curves is 

log C = log Co - k d m  

where k is the slope, C is the surfactant concentra- 
tion, and log CO is the intercept. When C = CO, the 
mass median diameter, d,, is zero.' The relation- 
ship holds for the emulsions at all ages. For SDS, 
the equation of the least-squares regression line is 

log C f 2.68 - 0.174 d m  

The correlation coefficient for the series is 0.985. 
In the case of polysorbate 80, the equation is 

log C = 2.01 - 0.237 d m  

with a correlation coefficient of 0.991. 
6 A plot of log surfactant concentration against log inter- 

facial area (related to l / d d  is also linear and may be a more 
general empirical relationship. 

7 Ca could have significance in terms of complete solubiliza- 
tion of the oil phase, but the significance is not obvious from 
the data. 
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Emulsion data taken from the work of Riegelman 
and Pichon (14) also fit this type of plot (Fig. 4). 
They stabilized 50 Yo mineral oil/water emulsions 
with a homologous series of cetyl alcohol poly- 
ethylene glycol ethers over a surfactant concentra- 
tion range of 0.25 to  4.0Y0. Using the midpoint of 
their surface average diameter ranges, the equation 
of the least-squares regression line is 

log C = 2.14 - 0.329 2, 

with a correlation coefficient of 0.999. 
It may be assumed safely that the increase of 

stabilized oil/water interfacial area, as surfactant 
concentration is increased above the CMC, is due 
to increased adsorption of dodecyl sulfate ion. The 
problem is whether the additional surfactant is 
adsorbed ( a )  as single ions forming a close-packed 
monolayer as illustrated in Fig. 5a or ( b )  as aggre- 
gated or micellar groups (Fig. 5b). Micellar ad- 
sorption has been proposed, especially a t  the solid- 
liquid interface, and experimental evidence has in- 
dicated this (15, 16). However, micelles of SDS or 
polysorbate 80 have an ionic or polar surface, and 
it seems reasonable that they are not strongly ad- 
sorbed a t  the hydrophobic oil surface. 

On the other hand, the generally recognized 
physical model (Fig. 5a) of a condensed surfactant 
monolayer with the hydrophobic portion of the 
surfactant a t  the oillwater interface and the hydro- 
philic portion sticking outward into the water phase 
would seem to be preferred if there are additional 
single molecules available. While most of the 
additional surfactant in excess of the CMC aggre- 
gates in the form of mirelles, the monomer (single 
molecule) concentration can also increase (however 
small). The resultant increase in total surfactant 
available for adsorption would stabilize more and 
smaller particles during manufacture of the etnul- 
sion. Even without an increase in monomer con- 
centration, greater micelle concentration can con- 
ceivably cause a change in the dissolved monomer- 
adsorbed monomer equilibrium without invoking 
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Fig. 4.-Surface average diameter of mineral oil/ 
water emulsions as a function of emulsifier concen- 
tration (data from Reference 14) .  
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Fig. 4.-Surface average diameter of mineral oil/ 
water emulsions as a function of emulsifier concen- 
tration (data from Reference 14) .  
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(a I Monameric adsorption 

( b )  Micellar adsorption 

Fig. 5.-Schematic cross-sectional view of sur- 
factant adsorption at oil/water interface. Key: 
(a) oil particle stabilized by condensed monolayer 
of surfactant (symbolized by circle for polar or 
ionic head and straight tail for hydrocarbon chain) ; 
(b) oil particle stabilized partly by adsorbed single 
ions and partly by micellar aggregates. 

micellar adsorption. In either of the latter two 
possibilities, the activity of the surfactants may in- 
crease with increasing concentration, perhaps as a 
log function of concentration,* which would mean 
that the median diameter or total surface area of 
particles in an emulsion could be a simple function of 
the activity of the surfactant. 
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